Correlation of the efficacy of some bipyrazoles, N, N-bis(3,5- N-bis(3,5-dimethylpyrazol-1-ylmethyl) allylamine (Bip 3) and N,N-bis(3-carboethoxy-5-methylpyrazol-1-ylmethyl)-cyclohexylamine (Bip 4), against the corrosion of mild steel in HCl is discussed using density functional approach B3LYP/6-31G(d) calculations. The bipyrazole inhibitors exhibited the highest inhibition efficiency. The quantum chemical parameters calculated are, the highest occupied molecular orbital (HOMO), the lowest unoccupied molecular orbital (LUMO), the gap energy (∆E), the dipole moment (µ), the softness (σ) and the total energy (TE).
Introduction
The protection of metals against corrosion may be achieved by adding inhibitors in small concentrations to its environment. Numerous studies were performed on the pyrazolic molecules which exhibited good inhibiting effect on corrosion of metallic materials [1] [2] [3] [4] [5] [6] [7] [8] . The reactivity of inhibitors is mainly interpreted by adsorption on the metal surface and depends on the molecular structure of inhibitors such as the heteroatoms, the functional group and electronic density at the donor or acceptor atom and π orbital character [9] [10] [11] [12] [13] . In other words, the electronic structure of the organic compounds has a key influence on their corrosion inhibition efficiency. The molecular structure, including the electronic parameters, can be obtained by means of the theoretical calculations by using the computational methodologies of quantum-chemistry. Quantum chemical calculation has been used recently to explain the mechanism of corrosion inhibition [14] [15] [16] [17] [18] [19] and proved to be a very powerful tool for studying the mechanism [20] [21] [22] . The survey of theoretical corrosion literature presented by Gece 22 demonstrates that quantum chemistry is a powerful tool to study the fundamental, molecular-level processes related to corrosion inhibition. However, much care must be taken in planning these studies, as calculations performed with inaccurate methods or with an insufficient dataset can easily lead to erroneous conclusions. The role of quantum chemistry in corrosion inhibitor studies is likely to increase in the future, as the focus of investigations shifts toward complicated chemical mechanisms. However, the restrictions caused by the high computational effort of the calculations mean that quantum chemical methods will not in the foreseeable future be able to replace experimental corrosion studies or computationally less expensive methods for the processes related to corrosion inhibition. 
Experimental
DFT method of three parameter compound functional of Becke (B3LYP) 23 was used to study these compound. The 6-31G* basis set was used for all calculations 24 . To obtain the final stable conformation, calculations of these geometries were performed without constraint on the dihedral angles. The calculations were carried out using the GAUSSIAN 03 program 25 . The theoretical band gaps calculated for isolated chains are expected to be about 0.2 eV larger than condensed phase values 26 . When taking into consideration this difference, we have demonstrated that the B3LYP/6-31G(d) method has the particularity to reproduce gap values similar to those of the experience 27 .
Results and Discussion
The inhibition efficiency of bipirazole derivatives as corrosion inhibitors of mild steel were investigated experimentally 28 (Table 1 ). It is found that the inhibitors Bip 1, Bip 2 and Bip 3 have approximately equal inhibiting effectiveness than the effectiveness of Bip 4 is lower.
Quantum chemical indices are obtained from the calculations such as E HOMO , E LUMO , ∆E=E LUMO -E HOMO , the dipole moment, (µ), the total energy (TE) and the softness (σ) are summarized in Table 1 . The optimized molecular structures with minimum energies obtained from the calculations are given in Figure 2 .
The HOMO is the orbital that could act as an electron donor, since it is the outermost (highest energy) orbital containing electrons. The LUMO is the orbital that could act as the electron acceptor, since it is the innermost (lowest energy) orbital that has room to accept electrons. According to the frontier molecular orbital theory, the formation of a transition state is due to an interaction between the frontier orbitals (HOMO and LUMO) of reactants 16 .
The energy of the HOMO is directly related to the ionization potential and the energy of the LUMO is directly related to the electron affinity. Figure 2. The optimized molecular structure of the inhibitor molecules Highest occupied molecular orbital energy (E HOMO ) and lowest unoccupied molecular orbital energy (E LUMO ), also called the frontier orbitals, determine the possibility of the molecule to interact with other reactants. E HOMO is often a measure of electron donating ability of the molecule. High value of E HOMO is likely to indicate a tendency of the molecule to donate electrons to appropriate acceptor molecule of low empty molecular orbital energy. The energy of the lowest unoccupied molecular orbital, E LUMO , denotes the ability of the molecule to receive electrons. In other words, lower values of E LUMO , are more probable to accept electrons. So, the gap energy, i.e. the difference in energy between the HOMO and LUMO, is an important stability index. The dipole moment (µ) is another parameter of the electronic distribution in a molecule and is the measure of polarity of a polar covalent bond 22 . No significant relationship has been found between the dipole moment values and inhibition efficiencies 22 .
The estimation of the total energy gives good information, the lower TE obtained is related to BIP 4 which exhibited weaker inhibition. The higher TE (-859.15 kcal mol -1 ) confirms the higher stability of BIP 3.
The gap energy, ∆E = (E LUMO -E HOMO ), is an important parameter as a function of reactivity of the inhibitor molecule towards the adsorption on metallic surface. As ∆E decreases, the reactivity of the molecule increases leading to increase the inhibition efficiency of the molecule; and large gap energy indicates high stability for the molecule in the chemical reaction. Figure 5 summarizes a schematic of diagrams of frontier molecular orbitals for the investigate inhibitors to their estimated energy gap ∆E. Inhibition of corrosion is generally interpreted by adsorption of inhibitor molecules onto the metal surface. Two modes of adsorption can be envisaged. The physical adsorption requires the interaction of electrically charged metal surface and charged species in the bulk of the solution. Chemisorption mode implies charge sharing or charge transfer from the inhibitor molecule to the vacant orbitals of metal having low energy. The effect of temperature on efficacy of bipyrazoles and adsorption parameters showed that physisorption phenomenon is more favoured. Furthermore, regarding the molecular structure of studied inhibitors, we may support the physical adsorption type. The presence of stable group in Bip 1-3 are responsible of the higher inhibitory effect, but the presence of ester group in Bip 4 is rapidly transformed in acid group in HCl solutions. This factor is hugely determining in decrease inhibition efficiency of Bip 4 as encountered in previous work 29 . Other indicators are absolute electronegativity, χ, and absolute hardness,  χ is a chemical property that describes the ability of a molecule to attract electron towards itself in a covalent bond, while the absolute hardness is measured by the energy gap between the lowest unoccupied and highest occupied molecular orbitals. Absolute softness, σ is defined as the reciprocal of the hardness. χ , η and  σ are calculated using the energies of the HOMO and the LUMO orbitals of the inhibitor molecule are related to the ionization potential, I, and the electron affinity, A, respectively, by the following relations: 
Conclusion
Through DFT (B3LYP/6-31G(d)) method, the following conclusions may be drawn:
• The HOMO, LUMO and gap energies may be used to correlate to the inhibition efficiency,
• The dipole moment has no explanation towards inhibition efficiency, • The total energy determined is good tool to explain inhibition efficiency of studied inhibitors,
• The best inhibitory effect of BIP 1-3 may be due to low electronegativity.
